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Crim1 is a cell-surface, transmembrane protein that binds to
a variety of cystine knot–containing growth factors, including
vascular endothelial growth factor A. In the developing renal
glomerulus, Crim1 acts to tether vascular endothelial growth
factor A to the podocyte cell surface, thus regulating its
release to glomerular endothelial cells. The hypomorphic
transgenic mouse (Crim1KST264/KST264) has glomerular
cysts and severe glomerular vascular defects because
of the lack of functional Crim1 in the glomerulus. Adult
transgenic mice have a reduced glomerular filtration rate
and glomerular capillary defects. We now show that, in these
adult transgenic mice, renal vascular defects are not confined
to the glomerulus but also extend to the peritubular
microvasculature, as live imaging revealed leakiness of both
glomerular and peritubular capillaries. An ultrastructural
analysis of the microvasculature showed an abnormal
endothelium and collagen deposition between the
endothelium and the tubular basement membrane, present
even in juvenile mice. Overt renal disease, including fibrosis
and renin recruitment, was not evident until adulthood.
Our study suggests that Crim1 is involved in endothelial
maintenance and integrity and its loss contributes to a
primary defect in the extraglomerular vasculature.
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Crim1, a cell-surface transmembrane protein, contains six
chordin-like repeats, which are required for binding to
various cystine knot-containing growth factors, such as bone
morphogenetic proteins, transforming growth factor-b2
(TGFb2), platelet-derived growth factor B, and vascular
endothelial growth factor (VEGFA).1,2 In vitro experiments
suggest that Crim1 binds to the growth factor before
secretion from the cell and acts to regulate the release of
growth factor from the cell surface. Crim1 can be cleaved at
the cell surface by unknown proteases to release a soluble
protein, hence it is likely that growth factors are released from
Crim1 by protease cleavage, as is the case for chordin.3
In vivo studies of Crim1 suggest that it may have a role in
vascular patterning and maintenance. Morpholino knockdown
of Crim1 in Tg(fli:EGFP) Zebrafish showed a clear reduction
in the endothelial cells that form intersegmental vessels and a
loss of the dorsal longitudinal anastomotic vessel.4 Similarly,
investigation into the glomerular defects in the Crim1
transgenic hypomorphic mouse strain (KST264) showed that,
in the developing glomerulus, Crim1 binds to and tethers
podocyte-derived VEGFA to the cell surface and acts to
regulate the delivery of VEGFA to glomerular endothelial
cells.1 In the absence of functional levels of Crim1, the mouse
embryo (Crim1KST264/KST264) showed simplified and dilated
glomerular capillaries, defects in endothelial cell adhesion
to the glomerular basement membrane, and podocyte
effacement.1 These studies were conducted on embryos
obtained from the C57/Bl6 inbred mouse strain, in which
the KST264 transgene is perinatally lethal. When the transgene
is crossed onto an outbred CD1 line, homozygotes survive to
adulthood, although with severe renal and eye defects.1,5
Expression of Crim1 in the kidney was determined using the
LacZ reporter component of the transgene and was found in
podocytes, mesangial cells, and parietal cells of the glomerulus,
and in pericytes and smooth muscle surrounding afferent
arterioles and larger arteries in both embryonic and adult
kidneys.1,5 Studies conducted on adult Crim1KST264/KST264 mice
also showed podocyte effacement, a significantly lower
glomerular filtration rate, compared with the wild-type, as
well as fibrosis and albuminuria.1
As Crim1 is expressed in extraglomerular renal vascula-
ture, we sought to determine whether Crim1 is involved in
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vascular maintenance and integrity of the peritubular
vasculature and also whether the loss of Crim1 in these sites
was the cause of widespread renal damage. As glomerular
defects, particularly those involving proteinuria, can lead
to widespread kidney damage, including interstitial fibrosis,6
we attempted to distinguish between damage caused by
glomerular defects and other kidney damage. Our studies
showed that, although overt kidney diseases such as inflam-
mation and fibrosis were apparent only in adults, podocyte
effacement and peritubular capillary defects were present
in both juvenile and adult Crim1 homozygotes. Abnormal
collagen deposition in the peritubular endothelium was
particularly evident in the juvenile homozygote before
overt kidney disease, suggesting that the loss of Crim1 results
in a primary defect in the extraglomerular vasculature
and implicating Crim1 in endothelial maintenance and
integrity.
RESULTS
Crim1 transgenic mice contain a B-Geo cassette inserted
into intron 1 of the Crim1 gene. We previously used X-gal
staining of heterozygote animals to show Crim1 expression in
pericytes, mesangial cells, and podocytes of the developing
kidney.1 In this study, we first reexamined the site of Crim1
expression in adult Crim1KST264/KST264 mice and showed that
Crim1 expression was maintained in the glomerulus and
in mural cells of the arterial system, and was also found in
previously unreported sites in the cortico-medullary region
and the papilla (Figure 1a). High levels of expression were
found in the juxta-glomerular apparatus (Figure 1b).
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Figure 1 | Expression of Crim1 in the adult Crim1KST264/KST264 mouse. (a) Whole-mount X-Gal-stained kidney showing Crim1-b-
galactosidase expression in the cortex (c), the cortico-medullary junction (cm), the medulla (m), and the papilla (p). The boxed region
indicates an area similar to the one from which the images in (f) and (g) are taken. (b) Higher magnification of the cortex showing Crim1-b-
galactosidase expression in the afferent artery (aa), in the glomerulus (g), and juxta-glomerular apparatus (jga). (c–h) Immunofluorescence
was performed to identify cell types showing Crim1-b-galactosidase expression. (Panels c–e) NG2, a pericyte/mural cell marker (red), overlaid
with Crim1-lacZ expression (blue) in an artery from the cortex, indicating vascular smooth muscle expression. (Panels f–h) Aquaporin 1,
a proximal tubule brush border marker, showed luminal expression (red), while Crim1-b-galactosidase showed cytoplasmic expression
in the same tubules, indicating Crim1 is expressed in the S3 segment of the proximal tubule.
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Costaining of sections with X-gal and NG2, a pericyte/mural
cell marker (Figure 1c–e), showed that Crim1 expression
overlapped that of vascular smooth muscle of the arterial
vasculature. To determine the cell type responsible for
Crim1 expression in the cortico-medullary region, costaining
of sections with X-gal and the proximal tubule marker
aquaporin 1 (Figure 1f–h) and the collecting duct marker
aquaporin 27 (data not shown) was performed. X-gal
staining was found to colocalize with aquaporin 1, but not
with aquaporin 2. Aquaporin 1 is found on the luminal
surface of proximal tubules. Considering the fact that
Crim1-expressing tubules are located predominantly in the
cortico-medullary region, this would indicate that expression
occurs in the S3 segment.
Our previous analyses of adult Crim1KST264/KST264 kidneys
showed podocyte effacement and endothelial defects in
the glomerulus. To investigate whether there was a more
widespread defect in vascular development, we performed
IB4 (isolectin B4) immunohistochemistry of the kidney
endothelium in the wild-type and Crim1KST264/KST264 adult
kidney. This revealed a network of peritubular capillaries
apparently adjacent to every tubule in both wild-type and
Crim1KST264/KST264 cortex (Figure 2a and b). Vasa recta
staining in the inner medulla seemed comparable between
the wild type and homozygote (Figure 2c and d). Quantita-
tion of capillary number by calculating the capillary rare-
faction index indicated that there was no significant
difference between wild-type and Crim1KST264/KST264
mice (Figure 2e). These results suggested that in the
Crim1KST264/KST264 kidney, microvasculature was present
and the spatial presentation of the endothelium was not
significantly different from that of wild type.
The GFB is permeable to FITC-Dextran (70 kDa)
Within the glomerulus, podocytes, glomerular endothelial
cells, and the glomerular basement membrane, all contribute
to the glomerular filtration barrier (GFB). The GFB acts
as a selective barrier to prevent the loss of serum proteins
and large molecules from blood into urine. In our previous
report,1 we determined that adult Crim1KST264/KST264 mice
showed marked albuminuria, suggesting an increased per-
meability of the GFB. To examine the extent of glomerular
leakiness, we injected wild-type and Crim1KST264/KST264 mice
with fluorescein isothiocyanate (FITC)-Dextran (70 kDa)
through the tail vein. Immunohistochemistry with an anti-
FITC antibody was used to determine the extent of perfusion
of FITC-Dextran. As expected, very little staining was evident
in the wild-type kidney as FITC-Dextran is confined to the
vascular space and washed out during tissue processing
(Figure 2e and g). In contrast, in the Crim1KST264/KST264
mouse, extensive staining was evident in defined areas of
proximal tubule cells and in other tubule cells adjacent to
renal vasculature throughout the cortex (Figure 2f and h).
While confirming that the GFB is leaky, these results
also point to increased permeability in other renal micro-
vasculature.
Live imaging reveals extensive vascular permeability
To further investigate this apparent vascular leakiness,
live imaging was performed on the kidneys of wild-type,
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Figure 2 |Comparative immunohistochemical analysis
of adult wild-type and Crim1KST264/KST264 kidney. Isolectin
B4 immunohistochemistry of adult wild-type (a, c) and
Crim1KST264/KST264 (b, d) kidney sections showing comparable
peritubular capillary localization in the cortex (a, b) and vasa recta
staining in the inner medulla (c, d). (e–h) FITC-dextran (70 kDa)
was injected by tail vein to determine the extent of vascular
leakiness. Immunohistochemistry using an anti-FITC antibody
showed little dextran in the tubules or interstitium of wild-type
kidney (e, g). In comparison, in the Crim1KST264/KST264 kidney,
dextran was evident within cells in clusters of sectioned proximal
tubules (arrows) (f), and was widespread within the interstitium
adjacent to large vasculature (h). Asterisks mark vascular lumens.
(i) Rarefaction index indicated no significant difference in number
of capillaries between wild-type and Crim1KST264/KST264 kidneys.
FITC, fluorescein isothiocyanate.
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Crim1KST264/þ , and Crim1KST264/KST264 adult mice. Rhoda-
mine B–Dextran (70 kDa) and quinacrine were injec-
ted into the mouse using a carotid catheter and the exposed
kidney was imaged by multiphoton confocal microscopy
in real time. Using this technique, visualization was achieved
to a depth of B150 mm.8 Rhodamine B–Dextran (red) is
expected to remain within the vasculature, whereas quina-
crine (green), a small molecular weight compound, is
taken up by endosomes within the cells (Figure 3). In the
Crim1KST264/KST264 kidney, extensive filtration of Dextran
was evident in Bowman’s space in many, but not all,
glomeruli (Figure 3b and c), whereas no fluorescence was
visible in this region in wild type (Figure 3a). A ratio
of the intensity of Rhodamine fluorescence in Bowman’s
space versus the vasculature was performed as a measure
of the permeability of the GFB. An average ratio of
0.2 was found in the wild type compared with 0.75
in leaky glomeruli in the homozygote (Figure 4a). These
results suggest that the GFB provided very little barrier.
Dextran was also present in the lumen of many proximal
tubules in the Crim1KST264/KST264 mouse as a result of
flow from Bowman’s space in leaky glomeruli (Figure 3f),
but it was not present in wild type (Figure 3e). Dextran
was also found in the interstitium surrounding some peri-
tubular capillaries in the homozygote (Figure 3g and h),
and along the basal lamina of some capillaries. Proximal
tubules surrounding leaky capillaries (Figure 3h) were clear
of Dextran, suggesting that the upstream glomerulus was
not leaking protein into the tubule. Together with the
normal endosomal uptake of quinacrine within cells, it was
unlikely that tubule damage was the cause of the leaky
endothelium. The ratio of the intensity of Rhodamine–
Dextran in the peritubular space compared with that in
peritubular capillaries was found to be significantly higher
in the Crim1KST264/KST264 mouse (0.7) than in wild type
(0.25) (Figure 4b). Crim1 heterozygotes were similar to
wild type in all aspects. There was no observable leaki-
ness into either Bowman’s space or the interstitium, and
quantitative analysis showed no significant difference
between wild type and Crim1KST264/þ in any parameters
(data not shown).
Glomeruli and glomerular capillaries are larger in
Crim1KST264/KST26 mice
Quantitative analysis of glomeruli and capillaries revealed by
live imaging showed that glomeruli in Crim1KST264/KST264
mice were significantly larger in diameter than those in wild
type (Figure 4c). There was considerable variation in the
degree of apparent leakiness of individual glomeruli.
However, glomerular capillaries in both nonleaky and leaky
glomeruli in the homozygote were significantly larger in
diameter than those in wild type, and the mean diameter
of capillaries in leaky glomeruli was sevenfold larger than
that in nonleaky glomeruli (Figure 4d). Although, the
diameter of the peritubular vasculature was not signi-
ficantly different between the wild type and homozygote
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Figure 3 | Live imaging reveals glomerular and peritubular
vascular defects. Adult wild-type and Crim1KST264/KST264 mice
were injected with rhodamine B–dextran (70 kDa) (red) and
quinacrine (green). Circulating plasma was labeled with dextran,
while quinacrine was taken up by tubule cell endosomes.
Multi-photon fluorescence microscopy was used to visualize
the functioning kidney. (a) The wild-type glomerulus showed no
evidence of dextran filtration from the glomerular capillaries into
the Bowman’s space (solid arrow). (b, c) In the Crim1KST264/KST264
glomerulus dextran filtration was evident in some glomeruli (open
arrows), whereas others showed no filtration (panel c,
solid arrow). (d) Dextran labelling of the plasma revealed
anuerism-like dilations of the peritubular vasculature. (e, f)
Dextran was not evident in the lumen of proximal tubules
in the wild type (e, *); however, dextran was present in the
proximal tubules of Crim1KST264/KST264 mice (f, *). (g, h) Peritubular
vascular leakage was indicated by the presence of rhodamine B
dextran in the interstitium surrounding the vasculature in the
Crim1KST264/KST264 mice (arrowheads). Bar¼ 20mm.
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(Figure 4e), a number of abnormally large vessels and
anuerism-like protrusions were observed (Figure 3d) in
adult Crim1KST264/KST26 mice.
Ultrastructural analysis reveals abnormal vascular endothe-
lium in both adult and juvenile Crim1KST264/KST264 mice
To investigate the vascular integrity of Crim1KST264/KST264 mice
in more detail, transmission electron microscopy was used
(Figure 5). Tissue for transmission electron microscopy was
dissected from the cortex of wild-type and Crim1KST264/KST264
juvenile (postnatal day (P18)) and adult kidneys. In the wild-
type adult and juvenile kidneys, patent peritubular capillaries
were situated between tubules, with a clear basal lamina
separating the endothelial cell and the tubule cell. The endo-
thelial lining of capillaries was smooth and of regular thickness
(Figure 5a and d) and lay in direct contact with the basal
laminar. In the adult and juvenile homozygote, rather than
a smooth regular endothelial lining of capillaries, the endo-
thelium appeared ruffled with looping protrusions into the
lumen (Figure 5b, e, and f). The endothelium in both juvenile
and adult homozygotes showed separation from the basal
laminar, with abnormal collagen deposition between the
endothelium and basal laminar (Figure 5e, f, k, and l). The
percentage of all capillaries examined from both adults and
juveniles showing collagen deposition is shown in Figure 5o.
Red blood cells in adult Crim1KST264/KST264 capillaries appeared
less compacted than those in wild type (Figure 5 compare
panels a and b).
Breaks in the endothelium were also apparent (Figure 5c).
Whereas the endothelium was found to be associated
with a necrotic tubule in one thin section of the adult
Crim1KST264/KST264 kidney (Figure 5g), abnormal endo-
thelium in the adult was typically adjacent to normal tubular
cells, indicating that disruption to the endothelium occurred
before necrosis of surrounding cells (Figure 5b, c, and e–g).
In the juvenile kidney, no evidence of tubular necrosis was
apparent. Podocyte effacement has been previously reported
in the adult Crim1KST264/KST264 glomerulus.1 This analysis
showed that effacement is also present in the juvenile
Crim1KST264/KST264 mouse (Figure 5i) in contrast to wild
type (Figure 5j). Measurement of the basal laminar of the
glomerular basement membrane, and abluminal tubular
basal laminar, showed a significant reduction in width in
both adult and juvenile Crim1KST264/KST264 basal laminar
(Figure 5m, n, p, and q).
Extensive fibrosis is evident in adult homozygous
Crim1KST264/KST264 mice but not in homozygotes at P21
Although our data showed that Crim1KST264/KST264 mice display
defects in their peritubular vasculature, whether this results
from a primary defect as a result of the absence of Crim1 or
as a secondary outcome of glomerular abnormalities and
resulting renal disease was not clear. To analyze this further,
we examined a number of parameters of renal histopathology
at two distinct postnatal time points: before weaning (P18–21)
and adult (after 3 months of age).
Masson’s trichrome staining of kidney sections from P21
and adult mice was performed to determine the extent of
fibrosis. The adult Crim1KST264/KST264 kidney showed exten-
sive regions of fibrosis in the cortex involving sclerotic
glomeruli and tubules (Figure 6j and k), as well as in the
medulla (Figure 6m). Large glomerular cysts of a diameter
of 200 mm were evident (Figure 6n). Regions of tubules
were necrotic, and fibrotic infiltration was apparent. Collagen
staining also colocalized with some peritubular capillaries
(Figure 6j). In contrast, in the juvenile Crim1KST264/KST264
kidney, trichrome staining showed no evidence of interstitial
fibrosis (Figure 5d). A quantitative analysis of Light Green
collagen staining showed a significant increase in the
percentage of collagen in both the cortex and the cortico-
medullary junction in Crim1KST264/KST264 adults (Figure 7),
whereas no difference was found in wild-type and
Crim1KST264/KST264 juveniles (Figure 7). These results
show that the onset of fibrosis occurred after evidence of
a vascular defect, suggesting that fibrosis is a secondary
response and not causative of the changes in microvascular
integrity.
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Figure 4 |Quantitative analysis of live imaging studies.
(a, b) Quantitative analysis of glomerular and peritubular capillary
permeability and (c–e) glomerular, glomerular capillary,
and peritubular capillary diameter. Data are presented as
mean±s.e.m. Statistical analysis was performed by one-way
ANOVA. ANOVA, analysis of variance. ***Po0.0001.
Kidney International (2009) 76, 1161–1171 1165
L Wilkinson et al.: Effect of Crim1 on the microvasculature o r ig ina l a r t i c l e
Renin recruitment occurs in adult Crim1KST264/KST264 kidneys
We reported earlier that adult Crim1KST264/KST264 mice have
a significantly lower glomerular filtration rate (176±27
and 291±18 ml/min, respectively) and a lower mean arterial
pressure than do the wild-type mice.1 Renin production
is normally confined to cells lining the afferent arteriole in
the juxta-glomerular apparatus. However, in cases of low
glomerular filtration rate, in which renin expression is
continually upregulated, recruitment of smooth muscle cells
into renin-producing myeloepethelioid cells occurs.9
To investigate the renin expression in the Crim1KST264/KST264
kidney, immunohistochemistry was performed. In the wild-type
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kidney, renin protein was found only in the juxta-glomerular
apparatus (Figure 6i). In the Crim1KST264/KST264 kidney, renin
expression occurred in smooth muscle cells along the length
of afferent arterioles, and also in larger arteries (Figure 6l
and o). In the kidneys from juvenile (P21) mice, renin in
both wild type and Crim1KST264/KST264 was confined to the
juxta-glomerular apparatus (Figure 6c and f). Quantitative
analysis of extraglomerular renin versus juxta-glomerular
renin in the adult wild-type and Crim1KST264/KST264 mice
showed a significant increase in renin recruitment in the
Crim1KST264/KST264 mice (Figure 7). This extensive recruit-
ment of renin-producing cells in the adult Crim1KST264/KST264
kidney, but not in the juvenile, supports a model of chronic
progressive kidney disease in homozygotes with a glomerular
flow rate affected only in adult mice.
Markers of inflammation and fibrosis are upregulated in
adult Crim1KST264/KST264 kidneys but not in juvenile kidneys
Fibrosis and concomitant abnormal collagen deposition is a
hallmark of chronic inflammation. To determine whether the
collagen deposition found in both juvenile and adult basal
laminar was due to inflammation resulting in fibrosis in
the kidney, a quantitative PCR analysis was carried out
using primers for TGFb, TNFa, chemokine (C-C motif)
ligand 2 (CCL2), and connective tissue growth factor
(CTGF). These are well-characterized profibrotic cytokines
and chemokines10,11 which are upregulated in response to
inflammation in the kidney.12 CTGF is a profibrotic growth
factor induced by TGFb1.13 Quantitative PCR results (Figure 7)
showed that expression of these genes was significantly upregu-
lated in the adult Crim1KST264/KST264 kidney, but not in the
juvenile, suggesting that the abnormal collagen deposition in
the juvenile peritubular capillary basal laminar was not a fibrotic
response to inflammation. The significant upregulation of these
genes in the adult indicates that renal disease had progressed by
this time to cause widespread inflammation and fibrosis.
DISCUSSION
In our previous report, we investigated the in vivo role
of Crim1 in the developing renal glomerulus. In the inbred
embryonic Crim1KST264/KST264 kidney, Crim1 is essential for
the normal development of glomerular capillaries. Podocyte-
derived Crim1 acts to regulate the spatial distribution of
VEGFA to glomerular capillary endothelial cells. In the
inbred embryo, the glomerular capillary network develops
abnormally, is simplified, and capillaries are dilated.1
Outbred Crim1KST264/KST264 adults also showed similar
ultrastructural defects in the glomerulus, including podocyte
effacement and capillary defects.
In this report, we examined the juvenile and adult renal
phenotype with emphasis on the integrity of the vasculature
in Crim1KST264/KST264 mice. Vascular abnormalities, podocyte
effacement, and basal laminar abnormalities were found at
both ages. Other accompanying renal abnormalities such as
renin recruitment, fibrosis, cysts, and tubular necrosis were
present only in the adult, indicating a chronic progressive
kidney disease. Expression of inflammatory markers (CCL2,
TNFa) and fibrotic markers (TGFb, CTGF) in the adult,
but not in the juvenile, supports a progressive disease that
does not become evident until adulthood. Consistent features
of the renal phenotype in both adult and juvenile homo-
zygotes were an abnormal peritubular capillary endothelium,
decreased basal laminar width, and extensive collagen
deposition between the endothelium and basal laminar of
adjacent tubular cells.
A definitive answer as to whether peritubular vascular
defects are the cause or result of chronic disease is difficult to
assess. Current opinion is divided as to whether protein
overload in proximal tubules resulting from leaky glomeruli
can lead to tubular necrosis, interstitial fibrosis, and
peritubular capillary damage, or whether other mechanisms
such as hypoxia or activating factors14,15 may directly
affect the integrity of the endothelium, causing fibrosis and
tubular necrosis in chronic disease. Podocyte effacement
was apparent in both adult1 and juvenile homozygotes,
and albuminuria was present in adults.1 Urinary protein
measurements could not be performed on juveniles as they
were too young for metabolic cages; however, considering the
presence of podocyte abnormalities, it is likely that some
protein leakage is present. Excessive protein load in proximal
tubules is believed to cause the release of cytokines, causing
local inflammation that induces endothelial-to-mesenchymal
Figure 5 | Transmission electron microscopy reveals defects in the Crim1KST264/KST264 endothelium. Transmission electron microscopy
images are presented for tissue from adult (a–g) and postnatal day 18 (P18) (h–l) tissues collected from wild-type (a, d, h, j) and Crim1KST264/KST264
(b, c, e–g, i–l) mice. Panels display peritubular endothelium (a–g, j–l) or glomerular filtration barriers (h, i). Endothelial cells from wild-type kidney
appeared as a thin lining along the basal lamina of the tubular cells with regularly spaced fenestrae. Red blood cells in wild-type capillaries were
tightly compacted (a). P18 wild-type endothelium showed the same phenotype (j). In contrast, the adult Crim1KST264/KST264 endothelium was
thickened and irregular in width with protrusions into the lumen (b, c, e–g). Fenestrae were not apparent in many areas. Red blood cells within
capillaries were widely spaced (b). Proximal tubule cells (PTCs) adjacent to the abnormal endothelium appeared healthy in most cases, although
the endothelium did occur adjacent to a necrotic tubule (g, *). Collagen deposition was evident in many sites between the endothelium and
the PTC basement membrane (e, f). Gaps in endothelium adjacent to an apparently normal basement membrane were also occasionally evident
(c, *). Similar changes, including collagen deposition, were observed in the P18 Crim1KST264/KST264 endothelium (k, l). Glomerular defects similar
to those previously reported for adult Crim1KST264/KST264 mice were observed in P18 Crim1KST264/KST264 mice (i). (m, n, p, q) Peritubular basal
laminar width and glomerular basal laminar width were significantly lower in Crim1KST264/KST264 mice compared with wild type. (o) Quantitation
was performed to determine the percentage of capillaries containing collagen in wild-type compared with Crim1KST264/KST264 mice. Adult and P18
counts were combined. Data are presented as mean±s.e.m. Statistical analysis was performed by unpaired Student’s t-test. en, endothelium; p,
podocyte; rbc, red blood cell; bl, basal laminar; ptc, proximal tubule cell; col, collagen. *Po0.05, **Po0.005.
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transition of tubule cells, as well as the proliferation and
activation of interstitial fibroblasts resulting in the deposi-
tion of extracellular matrix, nephron loss, and damage to
surrounding capillaries.16 The damage then spreads to neigh-
boring nephrons, resulting in disease progression. Live imaging
of the adult Crim1KST264/KST264mouse showed leaky peritubular
capillaries in an area in which proximal tubules were clear of
Rhodamine B–Dextran and showed normal endosomal uptake
of quinacrine, suggesting that these were normal healthy
proximal tubule cells. We found numerous examples in the
ultrastructural analysis in the adult Crim1KST264/KST264 kidney
of an abnormal endothelium surrounded by healthy proximal
tubule cells. Similarly, collagen deposition occurred against the
basal laminar of apparently healthy tubule cells. In juvenile
Crim1KST264/KST264 mice, capillary defects and collagen deposi-
tion in capillaries were evident in the absence of tubular
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Figure 6 |Kidneys from juvenile Crim1KST264/KST264 mice show no evidence of fibrosis or renin recruitment. Data are presented
from juvenile (P21) (a–f) and adult (g–n) kidneys from wild-type (a–c, g–i) and Crim1KST264/KST264 (d–f, j–o) kidney tissue. Left column
(a, b, d, e, g, h, j, k, m, n): Trichrome staining of kidney sections from juvenile wild-type and Crim1KST264/KST264 kidneys showed no evidence
of fibrosis (a, d); however, an occasional sclerotic glomerulus was present (e). A normal wild-type glomerulus is shown for comparison (b).
Trichrome staining of kidney sections from adult Crim1KST264/KST264 mice showed extensive regions of fibrosis in the cortex (j) and medulla
(m) compared with the wild type (g). Sclerotic glomeruli were also present (k). A normal adult wild-type glomerulus is shown in (h) for
comparison. Collagen staining also co-localized with some peritubular capillaries (j, arrows). Large cysts were present containing patent
glomerular capillaries (n). Right column (c, f, i, l, o): Renin staining in the juvenile wild-type and Crim1KST264/KST264 kidney and the adult
wild-type kidney was localized to the juxta-glomerular apparatus (arrows) (c, f, i), whereas in the adult Crim1KST264/KST264 kidney, staining was
evident in pericytes in the afferent arteriole (l, arrow) and in smooth muscle cells of larger arteries (o, arrow).
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damage or fibrosis. Taken together, these results suggest that
endothelial abnormalities and collagen deposition occurred
before tubular damage.
Hypoxia as the initiator of tubulo-interstitial fibrosis is
gaining support as a mechanism for the progressive nature
of chronic renal disease.14,15,17,18 The medulla of the adult is
most sensitive to hypoxia because of the high oxygen
consumption required for the active transport of sodium
by the S3 segment of proximal tubules and the ascending
thick limb of the loop of Henle. The majority of cortical
peritubular capillaries and medullary vasa recta emerge from
the efferent arteriole. Therefore, any perturbation to blood
flow at the glomerulus, such as the low glomerular filtration
rate reported in Crim1KST264/KST264 mice,1 will affect the
downstream oxygenation of tubules and the endothelium.17
Hypoxic injury is believed to result in inflammation and
fibrosis in much the same way as hypothesized for tubular
damage,15 although myofibroblasts may be derived from
the endothelial-to-mesenchymal transition in this case.19
Upregulation of the renin–angiotensin system, evident by
renin recruitment in adult Crim1KST264/KST264 mice, may also
contribute to hypoxia in the medulla by causing vaso-
constriction of the efferent arteriole, again limiting blood
supply to downstream capillaries. The endothelium itself
may be damaged by the continued upregulation of activa-
tors, such as Ang II (angiotensin II). Ang II activation
of the endothelium results in an increased synthesis of
nitric oxide in the medullary vasculature to counter the
vasoconstrictive effect of an upregulated rennin-angiotensin
system. Continual exposure to Ang II, nitric oxide, and
other hypoxia-derived reactive oxygen species can result
in capillary dilation and endothelial senescence.14,20 Ang II
is also a potent inducer of fibrosis by stimulating TGFb
production.11
TGFb1 and other inflammatory cytokines, CCL2 and
TNFa, and profibrotic growth factor CTGF were upregulated
in the adult, but not in the juvenile. These results support a
model of inflammation-driven fibrosis in the adult. However,
in the juvenile, abnormal collagen deposition occurred with
no evidence of increased TGFb or other inflammatory
proteins, suggesting that, although these pathways may be
responsible for progressive fibrosis in the adult, they are not
the cause of vascular defects in the juvenile.
In our previous studies, we showed that, in the developing
glomerulus, loss of Crim1 results in VEGFA overactivity in
the glomerular endothelium. VEGFA is known to cause
increased permeability in the endothelium through morpho-
logical changes to endothelial cell–cell junctions,21 and is also
known to be required for the maintenance of endothelial
fenestrae in adult glomerulus.22 It is therefore likely that
the permeability evident in the adult Crim1KST264/KST264
glomerulus occurs because of a dysregulation of VEGFA
secretion from podocytes. Leakiness in the peritubular
endothelium may result from a similar paracrine mechanism.
Growth factors other than VEGFA may also be involved,
as we have shown previously in vitro that Crim1 binds a
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Figure 7 |Markers of renal disease are upregulated in adult Crim1KST264/KST264 mice but not in juvenile mice. Quantitative analysis was
performed to determine the area of fibrosis in the Crim1KST264/KST264 kidney compared with the wild type in both adult and juvenile mice,
and renin expression in areas outside the JGA in the adult was counted. QPCR analysis of genes commonly upregulated in inflammation
(CCL2, TNFa, TGFb1) and in fibrosis (CTGF) was performed on kidneys from wild-type, heterozygous, and homozygous adults and
juvenile mice. As the data of heterozygous Crim1 mice showed no difference from those of wild type,1 these genotypes were combined.
Data are presented as mean±s.e.m. Statistical analysis was performed by unpaired Student’s t-test. CCL2, chemokine (C-C motif) ligand 2;
CTGF, connective tissue growth factor; JGA, juxta-glomerular apparatus; QPCR, quantitative PCR; TNFa, tumor necrosis factor-a; TGFb1,
transforming growth factor-b1.
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number of growth factors from the TGFb superfamily, as well
as platelet-derived growth factor A and platelet-derived
growth factor B.1,2
It is also possible that dysregulation of a growth factor
because of the loss of Crim1 directly affects collagen synthesis
and deposition, resulting in the abnormal accumulation of
collagen between the basal laminar and endothelium.
Ultrastructural analysis of the basal laminar also showed a
significant difference in the width of the basal laminar in the
juvenile and adult Crim1KST264/KST264 kidney, indicating
aberrant synthesis, deposition, or degradation of extracellular
matrix proteins. This may be enough to disrupt endothelial
attachment to the basal laminar, resulting in a loss of
integrity, and precipitating vascular leakiness. The absence
of profibrotic inflammatory markers in the juvenile kidney
supports such a proposition. Abnormal collagen deposition
was found in the juvenile peritubular vasculature before
upregulation of profibrotic inflammatory proteins. This
suggests that the collagen deposition in the juvenile is not
a component of inflammation-driven fibrosis, and in fact
may be the cause of inflammatory response and widespread
fibrosis in the adult.
These studies show that in the adult Crim1KST264/KST264
kidney, the loss of Crim1 results in a chronic progressive
disease affecting all components of the kidney. Peritubular
endothelial abnormalities and abnormal collagen deposition
occur before overt kidney disease in adult Crim1KST264/KST264
mice, suggesting that loss of Crim1 directly affects vascular
integrity in extraglomerular capillaries.
MATERIALS AND METHODS
Maintenance of the KST264 mouse line
The maintenance and production of mice containing the KST264
gene trap have been described previously.5 For adult and juvenile
P18 and P21 tissues, the C57/Bl6 KST264 strain was crossed with the
outbred CD1 strain. Viable juvenile and adult Crim1 homozygotes
were obtained from this line. The use of animals in this study
was carried out in accordance with the animal ethics committee,
University of Queensland (IMB/160/08/NHMRC). Genotyping was
performed by PCR on tail tips taken at 10 days of age using
neomycinres-specific primers (forward, 50-GCAGCAGTTTTTCCAGT
TCC-30; reverse, 50-GGTTTTCCGCCAGACGCCAC-30) to detect the
transgene. Homozygotes were identified by the presence of syndactyly
and eye defects and by PCR using primers in exon 1 and exon 2,
respectively (forward, 50-TCTCGCTGCTGGGGCTGCTG-30; reverse,
50-CACGCAGCGGCTGGGTAAAG-30).
Immunohistochemistry and histology
Immunohistochemistry and Masson’s trichrome staining were per-
formed on male and female P18 juvenile or adult kidneys fixed in
4% paraformaldehyde in phosphate-buffered saline, which were paraffin
embedded and then sectioned at 4mm as described previously.1 The
antibodies used were anti-VEGFA (Santa Cruz Biotechnology Inc.,
Santa Cruz, CA, USA) and anti-renin (a kind gift from Tadashi Inagami,
Department of Biochemistry, Vanderbilt University School of Medicine,
Nashville, TN, USA). The secondary antibody used was horseradish
peroxidase-conjugated antirabbit (Promega Corporation, Madison, WI,
USA). Biotinylated IB4 (Griffonia simplicifolia) (Sigma-Aldrich, Castle
Hill, New South Wales, Australia) was used with streptavidin-
horseradish peroxidase (Sigma). Visualization was achieved using the
DAB-Plus Substrate Kit (Zymed Laboratories Inc., South San Francisco,
CA, USA), according to the manufacturer’s instructions. X-gal staining
was performed on whole kidneys after a 30min fix with 4% para-
formaldehyde in phosphate-buffered saline as described previously.5
The kidneys were then fixed overnight in 4% paraformaldehyde
in phosphate-buffered saline, paraffin embedded, and sectioned at
4mm. A standard Masson’s trichrome light green staining protocol
was used.
Electron microscopy of embryonic and adult kidneys
The kidneys were dissected from three male P18 juveniles and two male
adults, fixed in 2% glutaraldehyde in 0.1mol/l cacodylate buffer, and
then processed and sectioned by the Analytical Electron Microscopy
Facility at the Queensland University of Technology or at the Centre for
Microscopy and Microanalysis at the University of Queensland.
Images were taken under a JEOL 1011 electron microscope (JEOL
Australia, Frenchs Forest, New South Wales, Australia) at 80 kV.
Hypoxyprobe and FITC-Dextran
Hypoxyprobe (20mg/ml) (Chemicon, Millipore, Billerica, MA, USA)
was injected intraperitoneally at a concentration of 100mg/kg bw
(body weight) into two male mice. The mice were killed 3h after injec-
tion. FITC-Dextran (70kDa) (Sigma) (100ml of 10mg/ml stock) was
injected through the tail vein. Mice were killed 5min after injection.
The kidneys were removed and processed for immunohistochemistry
as described above. Immunohistochemistry was performed as described
by the manufacturer (Chemicon) for hypoxyprobe, and with anti-FITC
antibody (Sigma) for FITC-Dextran.
Live imaging on adult kidney
Live imaging of the kidney was performed as described previously.8
Briefly, after anesthesia, the mouse was cannulated in the carotid
artery for dye injection, and continuously infused with 30mg/ml
bovine serum albumin in Ringer’s solution at a rate of 0.35 ml/bw (g)
per min using a peristaltic pump. The trachea was cannulated to
facilitate breathing and one kidney was exteriorized. The mouse was
placed on a heated microscope stage, with the kidney in a small
chamber bathed in normal saline. Quinacrine (Sigma) (10 ml of
25mM stock) and 70 kDa Dextran-Rhodamine B (Invitrogen) (10 ml
of 10mg/ml stock) were injected through the carotid cannula.
Imaging was performed using a Leica TCS SP2 AOBS MP confocal
microscope system (Leica Microsystems, Heidleberg, Germany).
Images were obtained and analysis was performed using Leica
Confocal software. The methods for analysis are described in detail
elsewhere.8 Briefly, the percentage of leakiness into the extravascular
space is determined as a ratio of intra/extra vascular Rhodamine
fluorescence intensity. One male and one female adult mouse of
each genotype (six mice in total) were analyzed.
Quantitative analysis
Quantitation was performed using Adobe Photoshop CS3 (Adobe
Systems Pty Ltd, Chatswood, New South Wales, Australia). Four
sections from one kidney of three adult or juvenile mice were
quantitated for fibrosis, endothelial rarefaction index, and renin
expression. The rarefaction index was determined by placing a
10 10 grid over 600 mm images and counting squares that did
not contain IB4-stained capillaries. Analysis of basal laminar width
and collagen deposition was determined from electron microscopy
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images obtained from three juveniles and two adults. Statistical
analysis was performed using Prism 5 (GraphPad Software Inc.,
La Jolla, CA, USA). Significance was determined by Student’s t-test.
Quantitative PCR
Quantitative PCR was performed on RNA extracted from one kidney
from three adult wild-type, two adult Crim1 KST264/þ , and three
adult Crim1 KST264/KST264 mice, and from four wild-type juveniles
and three Crim1 KST264/KST264 juveniles. RNA was extracted
using an RNeasy kit according to the manufacturer’s protocols
(Qiagen Pty Ltd, Doncaster, Victoria, Australia). cDNA was obtained
using Superscript III (Invitrogen) and PCR was performed using SYBR
GREEN PCR Master Mix (Applied Biosystems, Scoresby, Victoria,
Australia). All results were standardized to GAPDH (glyceraldehyde
3-phosphate dehydrogenase). The primers used were CCL2: forward,
50-CCCAATGAGTAGGCTGGAGA-30, reverse, 50-TCTGGACCCATTC
CTTCTTG-30; tumor necrosis factor-a: forward, 50-GCTGAGCTCAA
ACCCTGGTA, reverse, 50-CGGACTCCGCAAAGTCTAAG-30; TGFb1:
forward, 50-CTTGCCCTCTACAACCAACA-30, reverse, 50-CTTGCGA
CCCACGTAGTAGA; CTGF: forward, 50-TGACCTGGAGGAAAACAT
TAAGA-30, reverse, 50-AGCCCTGTATGTCTTCACACTG-30; GAPDH:
forward, 50-CCCCAATGTGTCCGTCGTG-30, reverse, 50-GCCTGCTT
CACCACCTTCT-30.
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